A sensitive and quantitative cell-free infection assay, utilizing recombinant human T-cell leukemia virus type 1 (HTLV-1)-based vectors, was developed in order to analyze early events in the virus replication cycle. Previous difficulties with the low infectivity and restricted expression of the virus have prevented a clear understanding of these events. Virus stocks were generated by transfecting cells with three plasmids: (i) a packaging plasmid encoding HTLV-1 structural and regulatory proteins, (ii) an HTLV-1 transfer vector containing either firefly luciferase or enhanced yellow fluorescent protein genes, and (iii) an envelope expression plasmid. Single-round infections were initiated by exposing target cells to filtered supernatants and quantified by assaying for luciferase activity in cell extracts or by enumerating transduced cells by flow cytometry. Transduction was dependent on reverse transcription and integration of the recombinant virus genome, as shown by the effects of the reverse transcriptase inhibitor 3-azido-3-deoxythymidine (AZT) and by mutation of the integrase gene in the packaging vector, respectively. The 50% inhibitory concentration of AZT was determined to be 30 nM in this HTLV-1 replication system. The stability of HTLV-1 particles, pseudotyped with either vesicular stomatitis virus G protein or HTLV-1 envelope, was typical of retroviruses, exhibiting a half-life of approximately 3.5 h at 37°C. The specific infectivity of recombinant HTLV-1 virions was at least 3 orders of magnitude lower than that of analogous HIV-1 particles, though both were pseudotyped with the same envelope. Thus, the low infectivity of HTLV-1 is determined in large part by properties of the core particle and by the efficiency of postentry processes.
The retrovirus human T-cell leukemia virus type 1 (HTLV-1) is the etiologic agent of adult T-cell leukemia and of degenerative, neurological disorders termed tropical spastic paraparesis, or HTLV-1-associated myelopathy (9, 10, 27, 28, 38) . Although disease is primarily associated with infection of CD4 ϩ T cells (4, 11, 12, 28, 30) , many other cell types can be infected with HTLV-1 in vivo and in vitro (2, 14, 15, 18, 20) , suggesting that its receptor, which has yet to be identified, is widely expressed. HTLV-1 infection and replication have been difficult to examine in vitro, since the virus displays a very low infectivity and a tightly regulated gene expression program. In addition, some virus gene products appear to be detrimental to cell growth and proliferation, thus limiting detection of infected cells. These characteristics likely contribute to the observation that most established T-cell lines do not support productive infection. Therefore, previous studies have relied on the ability of HTLV-1 to infect and immortalize primary human T cells, to productively infect nonlymphoid cell lines, or to transiently infect T-cell lines. Although infections of primary lymphocytes have been initiated by cell-free infection (4, 8) , infection is performed more frequently by cocultivating lethally irradiated HTLV-1 producer cells with target lymphocytes. This experimental system has proved useful for analysis of HTLV-1-mediated T-cell transformation, but due to the complexity of the cell mixture, the low efficiency of immortalization, and donor-dependent variations in primary lymphocyte targets, it is not reliable for quantitative analyses of early infection and replication events. For these reasons, many fundamental questions related to HTLV-1 infection and replication remain unanswered.
We previously described a spreading infection assay system for HTLV-1 with a fetal rhesus lung cell line (FRhL clone B5) and showed that infections could be initiated by cell-free virus stocks generated by transfection of 293 cells with wild-type and mutant provirus clones (6) . This system provides a reproducible measure of the replication competence of proviruses through multiple rounds of infection; however, analysis of specific steps in the infectious cycle of HTLV-1 requires a more specific assay system. An alternative approach is to use recombinant viruses that encode selectable markers or reporter genes to identify infected cells. Such retrovirus and lentivirus vector systems have significantly advanced our understanding of the molecular mechanisms of virus entry, reverse transcription, and integration steps in the infectious cycle. This approach has been applied previously to HTLV-1 for the analysis of the virus envelope (3) and to assess virus replication fidelity (21) . However, these studies employed coculture methods for virus transmission and selectable markers for detection, which impose limits on sensitivity and breadth of application.
In order to define individual events in the HTLV-1 infection process, particularly the steps involved in the early phase of the virus replication cycle, we have developed a single-round, cellfree infection assay. The HTLV-1-based vectors, encoding either firefly luciferase or enhanced yellow fluorescent protein (eYFP), and the cell-free infection methods described here provide a rapid, sensitive, and quantitative measure of virus infectivity and replication. We demonstrate the utility of this system for analyzing virion stability, examining the effects of antiviral agents, and characterizing determinants of the low infectivity of HTLV-1 compared to that of other retroviruses.
RESULTS

Construction and expression of HTLV-1 vectors.
The singleround assay system for HTLV-1 is similar to other retroviral gene transfer systems where recombinant viruses are generated from cells transiently transfected with three plasmids. These include (i) a packaging plasmid which encodes regulatory, structural, and enzymatic proteins for virus gene expression, assembly, and replication; (ii) a transfer vector containing a promoter-reporter gene cassette, whose RNA is encapsidated and subsequently replicated and expressed in the infected cell; and (iii) an envelope expression plasmid. The HTLV-1 packaging plasmid, pCMV-HT1, was derived from an infectious molecular clone of HTLV-1 by replacing the 5Ј LTR with a CMV immediate early promoter joined to a small fragment from the R region of the LTR which contains the major splice donor site (Fig. 1 ). Both the RNA packaging signal and the tRNA primer binding site are absent from the recombinant provirus to prevent specific incorporation of its RNA into virus particles or its subsequent replication in infected cells. To allow pseudotyping of recombinant viruses with various envelope proteins, pCMVHT-⌬env was constructed by deleting the env gene in pCMVHT1. Both pCMVHT-⌬env and pCMVHT1 expressed high levels of virus proteins after transfection into 293 cells. Immunoblotting showed that viral structural proteins were assembled and appropriately processed in virus particles (31) . Concentrations of recombinant virus in transfected-cell supernatants varied between experiments with an average yield of approximately 75 ng of HTLV-1 p19 matrix protein per ml. Transfer vectors were constructed by replacing HTLV-1 provirus sequences between gag and pX genes (positions 1232 to 7482) with a cassette containing the CMV immediate early promoter and either the firefly luciferase gene or the eYFP gene (Fig. 1) . The transfer vectors retain cis-acting elements necessary for HTLV-1 RNA encapsidation and replication. Second-generation transfer vectors were constructed by inserting fragments containing the splice acceptor site from the third exon of the tax/rex mRNA upstream of the CMV promoter (Fig. 1) . The internal CMV promoter, rather than the HTLV-1 LTR, is necessary to drive reporter gene expression in this system, since the latter requires the viral Tax protein, which is not expressed in vector-transduced cells. Finally, expression plasmids that encode either the HTLV-1 envelope protein or VSV-G were used in the experiments described here.
Recombinant HTLV-1 vectors transduce genes by cell-free infection. To determine whether the HTLV-1 vectors generate infectious virus particles, filtered supernatants from cells transfected with pCMVHT-⌬env, pHTC-luc, and pCMV-VSV-G plasmids were used to infect various cell lines. For comparison, another set of cells was infected with an analogous HIV-1-based vector (25, 26) , generated by cotransfecting 293 cells with pCMV-⌬R8.2, pHRЈ-luc, and pCMV-VSV-G. Recombinant viruses were pseudotyped with VSV-G to focus on postentry and replication events and to avoid effects that could be attributed to the HTLV-1 envelope. Monolayer cultures of 293T, HOS, and FRhL clone B5 cells were infected with filtered supernatants, and luciferase activity was measured 72 h later. FRhL clone B5 and 293T cells yielded similar levels of luciferase activity after infection with recombinant HTLV-1, while HOS cells gave approximately 10-fold-lower values (Table 1). By comparison, levels of luciferase activity transduced by the recombinant HIV-1 vector were 3 to 4 logs higher than those obtained with HTLV-1. Transduction of Jurkat, HUT78, and MOLT4 cells was accomplished by suspending cells in 0.5 ml of filtered supernatant followed by low-speed centrifugation for 2 h. The human T-cell lines were efficiently transduced with both recombinant HTLV-1 and HIV-1 vectors, and again the latter yielded about 1,000-fold-higher levels of luciferase activity than HTLV-1 (Table 1) . This difference in transduction efficiency most likely reflects distinct properties of the HTLV-1 virion or inefficient postentry processes, since (i) both recombinant viruses were pseudotyped with the same envelope protein, (ii) both HTLV-1 and HIV-1 transfer vectors contain the same CMV promoter-luciferase gene cassette and express similar levels of luciferase activity when directly transfected into cells (unpublished observation), and (iii) virus concentrations, deduced from virion core protein ELISA measurements, indicated that recombinant HTLV-1 particles were present at a threefold excess compared to HIV-1 particles.
Gene transduction by recombinant HTLV-1 is dependent on reverse transcription and integration. Transduction of luciferase activity by cell-free infection with the HTLV-1 vector was abolished when the packaging plasmid, transfer vector, or envelope expression plasmid was omitted. To further establish that transduction was dependent on virus replication, we examined the effects of the reverse transcriptase inhibitor AZT. Cells were grown in the presence of various concentrations of AZT for 3 h prior to infection and continuously exposed to AZT during and after infection. There was a linear decrease in luciferase activity with respect to the log of the AZT concentration yielding a 50% inhibitory concentration (IC 50 ) of 30 nM (Fig. 2 ). This value is in good agreement with those previously reported for HTLV-1 in peripheral blood mononuclear cells (PBMCs) (16, 19, 22) . The inhibitory effect of AZT was identical with HTLV-1 envelope and VSV-G (data not shown). This assay system thus provides a sensitive and rapid method for examining HTLV-1 reverse transcriptase inhibitors. To determine the relationship between luciferase transduction and integration of the viral genome, we constructed a packaging plasmid (pCMVHT-Int Ϫ ) with a premature stop codon in the integrase gene. The integrase mutant and wild-type packaging plasmids yielded similar levels of virus core proteins in transfected-cell supernatants. The integrase-negative packaging FIG. 1. HTLV-1 packaging plasmids and transfer vectors. pCMV-HT1 was constructed from an infectious molecular clone, pCS-HTLV, by replacing the 5Ј LTR, tRNA primer binding site, and RNA encapsidation elements with a CMV promoter joined to the major splice donor site from the HTLV-1 R region. A XhoI fragment was deleted from the env gene of pCMV-HT1 to produce pCMVHT-⌬env. HTLV-1 transfer vectors were constructed by replacing sequences between the gag and pX genes in pCS-HTLV with promoter/reporter gene cassettes. pHTC-luc contains a CMV promoter joined to the firefly luciferase gene. pHTC-luc-tsa was made by inserting a fragment that contains the splice acceptor site (SA) from the third exon of the tax/rex gene immediately upstream of the CMV promoter into pHTC-luc. Analogous transfer vectors were constructed in which the luciferase gene was replaced with the eYFP gene to give pHTC-eYFP and pHTC-eYFP-tsa. a Filtered supernatants (2 ml) from 293 cells cotransfected with pHTC-luc, pCMVHT-⌬env, and pCMV-VSV-G (HTLV-1) or pCMV-⌬R8.2, pHRЈ-CMVluc, and pCMV-VSV-G (HIV-1) were used to infect 2 ϫ 10 5 293T, FRhL clone B5, or HOS cells in six-well plates. The T-cell lines Jurkat, HUT78, and MOLT4 were infected by suspending 10 6 cells in 0.5 ml of filtered supernatant containing 5 g of Polybrene per ml. The p19 ELISA titer for HTLV-I supernatant was 138 ng/ml, and the p24 ELISA titer for HIV-1 supernatant was 42 ng/ml.
b Cells were lysed 72 h after infection; 20% of each sample was used for determination of luciferase activity, which is expressed as relative light units (RLU) and normalized per millileter of filtered supernatant used for infection. Infections were performed at least three times, and mean values with standard deviations are shown.
plasmid transduced luciferase activity at 6% of the wild-type level, indicating a dependence on integrase gene function. This residual level of expression could be due to transcription of unintegrated viral DNA or to nonspecific integration events. In summary, cell-free infection with recombinant HTLV-1 vectors was dependent on both reverse transcription and integration steps of the virus infectious cycle.
Luciferase activity is proportional to the number of infected cells. In order to determine the relationship between luciferase activity, which is averaged over the infected-cell population, and the number of infected cells, we compared transduction of cells with recombinant HTLV-1 vectors encoding either luciferase or eYFP. Recombinant viruses were pseudotyped with VSV-G, and cells were infected with serial twofold dilutions of filtered supernatants. At 72 h after infection, luciferase activity was determined in cell lysates, or eYFP-expressing cells were enumerated by flow cytometry. Luciferase activity was proportional to the number of infected cells determined over the range of virus dilutions tested (Fig. 3) . The infectious titer for recombinant HTLV-1, deduced from flow cytometry, was 2.4 ϫ 10 3 infectious units per ml of filtered supernatant. We next examined analogous HIV-1 vectors encoding eGFP and pseudotyped with VSV-G by flow cytometry and calculated a titer of 1.0 ϫ 10 7 infectious units per ml of filtered supernatant (Fig. 3) . As was observed in comparisons of luciferase activities transduced by HTLV-1 and HIV-1 vectors (Table 1) , flow cytometry indicated a 4,000-fold-higher infectious titer for HIV-1 than for HTLV-1. Taking into account the viral core protein concentrations determined by antigen capture ELISA of filtered supernatants and assuming 2,000 Gag proteins per virion, we calculated the number of infectious units per virus particle of 1 in 3 ϫ 10 5 for recombinant HTLV-1 and 1 in 75 for recombinant HIV-1. This value for HIV-1 is in close agreement with published values (13) . The value for recombinant HTLV-1 is also consistent with the ratio of 1:10 6 determined by PCR analysis of nascent proviral DNA formed after infection of primary human lymphocytes with virus from MT2 cells (8) .
HTLV-1 transfer vector synthesis and encapsidation.
To address how the sequence and organization of regulatory elements in the HTLV-1 transfer vector might affect transduction efficiency, we constructed several variants of pHTC-luc. In pHTC-luc-tsa, a splice acceptor site was inserted upstream of the CMV promoter to provide an intron analogous to the organization of the HIV-1 transfer vector, pHRЈ-CMVluc (26) (Fig. 4A ). Transduction efficiency with pHTC-luc-tsa was almost fivefold higher than with pHTC-luc ( Table 2 ). The effect of replacing the strong CMV promoter with a simian virus 40 promoter/enhancer element was examined with the transfer vector pHTSV-luc. We reasoned that the weaker simian virus 40 promoter might allow higher levels of expression and encapsidation of the full-length transfer vector mRNA than the CMV promoter. However, pHTSV-luc yielded much lower levels of luciferase activity than pHTC-luc in transduced cells (Table 2 ). Thus, inclusion of an intron improved transduction efficiency, and the internal CMV promoter did not appear to interfere with transfer vector expression.
A critical determinant of transduction with recombinant viruses is the level of transfer vector mRNA synthesis and its encapsidation (7, 8) . The transfer vectors express mRNAs that are initiated either in the internal CMV promoter or in the 5Ј LTR (Fig. 4A) . The former are constitutively expressed and direct the synthesis of reporter proteins in infected cells, whereas the latter are expressed in response to viral transactivator proteins supplied by the packaging plasmid and are destined for virion incorporation. In addition to the full-length mRNA initiated in the 5Ј LTR, vectors such as pHTC-eYFPtsa and pHRЈ-CMVeGFP, which contain an intron, produce a spliced mRNA (Fig. 4A) . Expression and packaging of transfer vector mRNAs generated with the HTLV-1 vectors were ex- amined by Northern blot analysis of total RNA from transfected cells and from virus particles concentrated from transfected-cell supernatants. Hybridization of blots with a labeled eYFP fragment revealed expression of the CMV-directed mRNA in cells transfected with pHTC-eYFP-tsa alone (Fig.  4B, lane 1) . Cotransfection of pHTC-eYFP-tsa with its packaging plasmid, which supplies Tax and Rex proteins, increased the level of expression of the mRNA initiated in the CMV promoter and activated expression of the 5Ј LTR mRNA at low but detectable levels (Fig. 4B, lane 2) . By comparison, cotransfection of the HIV-1 transfer vector, pHRЈ-CMVeGFP, with the HIV-1 packaging plasmid, pCMV-⌬R8.2, resulted in the accumulation of full-length and spliced mRNAs that originate in the 5Ј LTR (lane 4) at much higher levels than with the HTLV-1 vectors (Fig. 4B, compare lanes 2 and 4) . Quantitative phosphorimage analysis revealed that the level of the unspliced 5Ј LTR mRNA in cells cotransfected with pHTC-eYFP-tsa and pCMVHT-⌬env was 43-fold lower than the level of the corresponding mRNA synthesized in cells cotransfected with analogous HIV-1 vectors. Analysis of virion-associated RNA levels revealed that from equal volumes of supernatant, the HIV-1 transfer vector mRNA was 50-fold more abundant than the HTLV-1 counterpart (Fig. 4B, lanes 3 and 5; note that 10-fold more HTLV-1 supernatant than HIV-1 supernatant is loaded on the gel). Based on ELISA determinations of HTLV-1 and HIV-1 core proteins in the supernatants, HTLV-1 particles were present in 2.5-fold excess compared to HIV-1. Therefore, there was a 125-fold-lower level of recombinant HTLV-1 than HIV-1 virion RNA per particle. The lower virion RNA levels for recombinant HTLV-1 particles might contribute in part to the lower transduction efficiency compared to other retrovirus systems. Whether the differences in virion RNA content observed here are unique to these vector systems or reflect intrinsic properties of the native viruses remains to be determined.
The stability of recombinant HTLV-1 particles is similar to that of other oncoretroviruses. An important question that has not been examined previously for HTLV-1 relates to virion stability. A labile virus particle could account for the low cellfree infectivity observed here and elsewhere and perhaps explain why the virus appears to be more efficient in coculture infections. Filtered supernatants containing recombinant HTLV-1 particles encoding the luciferase gene were incubated a Virus-containing supernatants were produced from 293 cells cotransfected with the indicated transfer vector, pCMVHT-⌬env, and pCMV-VSV-G.
b 293T cells were infected with 2 ml of filtered supernatant; 72 h later, cells were lysed and 20% of each sample was assayed for luciferase activity. The data are expressed as relative light units (RLU) and are the averages of two experiments Ϯ standard deviations.
for various times at 37°C prior to infection. Luciferase activities expressed in infected cells were plotted against the incubation time to estimate the point at which 50% of the infectivity was lost (Fig. 5) . The half-life of HTLV-1 virions under these conditions and pseudotyped with either HTLV-1 envelope or VSV-G was determined to be approximately 3.5 h. We also examined the stability of recombinant HIV-1 particles under the same experimental conditions, and calculated a halflife of 4 h (data not shown). The half-life for recombinant HTLV-1 particles was similar to that of HIV-1 particles and is in close agreement with values obtained for other oncoretroviruses (13) , indicating that the HTLV-1 virion is not unusually unstable.
DISCUSSION
We have developed vectors and cell-free infection methods that provide a rapid and quantitative replication assay for HTLV-1. The packaging plasmid expresses high levels of virus structural, enzymatic, and regulatory proteins in transfected cells, while the envelope deletion allows pseudotyping of the HTLV-1 core particles. Recombinant virus containing the firefly luciferase gene provided a sensitive measure of HTLV-1 infection which was proportional to the number cells infected with recombinant virus encoding eYFP. Transduction was absolutely dependent on coexpression of envelope protein and the HTLV-1 packaging vector and could be inhibited by mutation of the integrase gene or by inhibiting reverse transcriptase with AZT. This experimental system, limited to a single round of infection, now enables studies of virus entry, replication, and integration steps in the virus infectious cycle. In addition, it provides a method for examining properties of the HTLV-1 virion. The short time frame of the experiments and the ability to quantify infection levels will complement and extend existing methods for studying HTLV-1 replication in vitro.
Although AZT was previously shown to inhibit HTLV-1 infection, it was difficult to obtain an accurate and reproducible measure of dose response in these systems. In one study, the effects of AZT were examined by measuring HTLV-1 Gag protein expression, viral mRNA synthesis, and proviral DNA formation after coculture of human PBMCs with lethally irradiated HTLV-1 producer cells; IC 50 s for AZT were estimated to be between 10 and 80 nM (19) . In an earlier study using a similar approach, the lowest concentration of AZT tested was 3 M, so an IC 50 was not determined (22) . An IC 50 between 50 and 500 nM was determined in rabbit PBMCs by measuring cell immortalization after coculture with HTLV-1 producer cells (16) . The effects of AZT on HIV-1 replication in vitro have been examined in a variety of cell lines, with both wildtype virus and recombinant virus vectors giving IC 50 s that ranged between 5 and 50 nM (1, 23, 24) . AZT is also an effective inhibitor of murine retroviruses, with inhibitory effects in the nanomolar range (29, 33) . Thus, the IC 50 for AZT defined here agrees well with previous estimates for HTLV-1 and other retroviruses and establishes this assay system as a valuable method for future studies of antiviral agents directed against HTLV-1.
The unusually low infectivity of HTLV-1 compared to other retroviruses has been an obstacle to understanding basic aspects of its replication cycle; conversely, the underlying events that determine this characteristic have been elusive. Factors that contribute to this property might include (i) poor virus attachment and entry mediated by an atypical envelope glycoprotein; (ii) the composition, maturation, or stability of the virus particle; or (iii) postentry steps, such as inefficient reverse transcription and integration processes. The envelope protein is essential for virus attachment and entry into the cell and thus was suspected to be a major determinant of HTLV-1 infectivity. Early pseudotyping experiments with other viruses and viral vectors suggested that the HTLV-1 envelope was less efficient than other viral envelopes (17, 32, 36, 37) . However, the extent to which HTLV-1 envelope differed from other envelopes varied depending on the cell lines used, the virus that was pseudotyped, and the sensitivity of the assay. In recent studies with recombinant HIV-1 particles, VSV-G pseudotypes were the same as or about 20-fold better than HTLV-1 envelope in transducing reporter gene activity (34, 35) . Using recombinant HTLV-1 particles, we observed approximately 20-fold-higher transduction levels with VSV-G than with the HTLV-1 envelope (data not shown), consistent with results reported for the HIV-1 pseudotypes. Furthermore, the HTLV-1 envelope did not appear to confer a unique instability to the virus, since HTLV-1 particles pseudotyped with VSV-G or HTLV-1 envelope had similar sensitivities to incubation at 37°C. The 3.5-h half-life of HTLV-1 particles at this temperature is comparable to the 3-h half-life reported for murine leukemia virus particles (13) . These and other studies indicate that HTLV-1 envelope alone does not account for the low infectivity of the virus and suggest that factors responsible for this characteristic probably lie elsewhere.
In side-by-side comparisons of transduction levels obtained with recombinant viruses pseudotyped with the same envelope protein and generated by analogous vectors, we observed particle/infectivity ratios of approximately 3 ϫ the value of 10 6 :1 obtained by quantitative PCR analysis of PBMCs infected with cell-free HTLV-1 produced from MT-2 cells (8) , and the value determined for recombinant HIV-1 is consistent with published values (13) . Since both recombinant HTLV-1 and HIV-1 were pseudotyped with VSV-G, the differences observed in specific infectivity appear to reflect intrinsic differences in core particle composition that would affect subsequent formation of an active replication complex. Comparison of the relative levels of transfer vector mRNAs revealed that HIV-1 vectors accumulated 40-fold-higher levels of transfer vector mRNA in transfected cells and encapsidated approximately 125-fold higher levels of transfer vector mRNA in virions than HTLV-1 vectors. This difference correlates with relative promoter activities of the HIV-1 and HTLV-1 LTRs in the presence of their cognate trans-activators (data not shown). The disparity in transfer vector mRNA synthesis could contribute to differences in the specific infectivities of the two recombinant viruses. Whether the virion RNA deficit is unique to the recombinant HTLV-1 particles studied here or is also a property of wild-type virus is an important question that needs to be addressed in future studies. A consequence of these observations is that it may be possible to modify the HTLV-1 transfer vector to achieve higher levels of mRNA synthesis and encapsidation, thereby improving infectious titer and increasing the sensitivity of this assay.
In summary, the recombinant HTLV-1 vectors recapitulate properties of the wild-type virus, including its low infectivity. As yet, no single step in the infection process explains the latter characteristic, suggesting that it is the product of several suboptimal infection and replication processes. The assay system described here will facilitate future studies of these properties and processes. In addition, optimization of this assay system should provide better methods for studying HTLV-1 infection of primary lymphocytes in vitro.
